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Towards an understanding of nanometric dielectrics 

X Keith Ndscm*, John C. FotheigUl, L. A. Dissado and W. Peasgood 
Department of Engineering, University of Leicester, UK 
•on leave fiom Rensselaer Polytechnic Institute, Troy, NY, USA 



Abstract: Dielectric studies are described aimed at 
providing an understanding of the charge storage and 
transport of an epoj^ resin containing Ti02 
nanoparticles. Comparative results for conventionally 
filled con^osites are given, and the results discussed in 
terms of the underlying physics. It is shovm that 
nanometric fillers mitigate the interfacial polarization 
charactmstic of oorrventiorial iriaterials ivilh a reduction 
in file inteiTial field accumulations. 

Bac^ound and Vision 

Nanoparticles are the fimdamental building blocks in 
the design and creation of assembled nano-grained 
larger scale structures with excellent compositional and 
inter&cial flexibility. However, rather surprisingly, the 
current push' to develop nanomaterials based on 
nanotechnology has not focused irmch on tlie 
opportunities for dielectric matmais^ but lather centred 
on optical and medianical ^plications. Nonetheless, the 
few examples in the literature provide encouragement 
that this is likely to be fertile ground. Furthermore there 
are good theoretic^ reasons wl^ the pursuit of 
nanomaterials for dielectric appli<^ons may have 
particular promise. Some of tiiese have been reviewed 
by Lewis[l] and by Frechette[2]. While the technology 
is in its in&ncy, one may speculate that it may be 
possible to self-asserrible nanodietecbics by providing 
chemical structures with ^'hooks" which provide 
preferential attachment points for the nanostructured 
materials allowing automatic and predictable self 
assembly. 

Fundamental Issues and Rationale 

The use of conventional fillers for pob^noier materials is 
well known and is usually employed to reduce the cost 
of a material or to modify one of the matma^ properties 
for a particular application. £xanq)les of that would be 
discharge resistance, thermal expansion, etc. Often the 
use of such fillers will affect dielectric strength and loss 
in a negative way. In this context, it is thought that 
fundamental to controlling the dielectric strength of 
insulating polymers is the cohesive energy[3] density 
and the associated fiee voluine[4] of a polymer 
structure. This m^ be gau^ by examining the 



changes in electric strength (up to a &ctor of 10) 
exhibited by most polymers as they are taken through 
their glass transition temperature[5]. In the sinq>lest 
situation, the bonding of a polymer to a filler can be 
e?q[)6cted to give a layer of ^'immobilized'* polymer. The 
dze of this layer is critical to the global properties 
(electrical, mechanical and thermal) of the composite. 

Such a picture is not, however, complete since 
the in-filled material will give rise to space-charge 
accuinulation and tiie associated Maxwell-Wagner 
polarization due to the* implanted interfeces. 
Furthermore, the macroscopic theories of infe-rp>ciai 
polarization do not incorporate a molecular approach 
since the response is given by relaxation equations if the 
wavelength is large in comparison with molecular 
dimensions. In consid^ing pre-breakdown high-field 
conduction in pure materials, the existence of localized 
states within the energy band g^ (close to the 
conduction or valence bands) is usually invoked, so 
giving rise to a mobility edge for electron (or hole) 
transport[6]. These states are ^sentially localized on 
individual molecules. This is because, unlike the strong 
covalent bonds of elemental crystalline solids, the 
intennolecular binding arises fcom weak van der Waals' 
forces that do not allow inter-molecular electronic 
exchange 

System CharacterisEation 

In order to provide the basis for engineering 
nanodielectrics, this study has provided a 
characterization of micro- and nano^articulates of 
Titanium Dioxide (TiOa) when embedded in a r^in 
matrix. A Bisphenol-A epoxy (Vantico CY1300 + 
HY9S6) was chosen because it was benign (ie. vrithout 
other fillers or dilutents), with a low initial viscosity. 



Material 
+ I1Uer 


Size 
(nm) 


liOadine 
£%> 




CY1300 Resin 


N/A 


N/A 


63.8 


CYlSOO + TiO, 


Micro (1500^ 


1 


76.1 


CY1300 + TiO, 


Micro (15001 


10 


73.9 


CY1300+TiO, 


NCcro aSOO) 


50 


79.9 


CY1300 + TiO2 


Nano(38) 


1 


62.9 


CY1300+TiOi 


Nano(38) 


10 


52.4 


CY1300 + TiO2 


NanoOS) 


50 


62.1 



Taiilfi 1 cnassmnsiUoii of oano- and imcn>^Ued TtOi 
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Freqneocy CHz) 

Rgnrel. PennitavityandlosstangeiitforiiiicaofilledeM 
Tetops, (bottom to top) 293, 343. 368, 393 K 

and with a glass transition bdow 100 Test sanmles 
were fonned by molding between polished suifeces held 
^art by spacers in the manner previously describedm 
The molded fUms ranged in thickness between 500 and 
^f^^^JP^ weighed resin and hanlener were degassed 
at 35 C and the relevant dried particulate fill was 
Micoiporated into the resin by mechanical stining Due 
to their anali size, surfece interactions fer nanoparticles 
such as hydrogen bonding, become magnified, Thi^ 
means that the particles tend to agglomerate and 
^spemon in resins is quite difficult, even in polymers 
ttet should be relatively compatible. Hence, in tiie case 
Of nano-partides, large shear forces are needed in the 
mixing process to obviate unwanted dustering of tiie 
partid^. For most electrical chaiacterization, the cast 
fihn was provided with evaporated 100 nm aluminium 
dectrodes. 

DiffereDtial Scamiing Calorimetry (DSQ 

A Stanton Redcroft DSC 1500 calorimeter was used to 
mennally characterize the materials. Results on the 
determination of glass transition temperatures are 
provided m Table 1 for post^mred samples fiom which 
It IS evident that the nano-material reduces T. in contrast 
to die larger size partides that have the opposite effect 



suggests tiiat partides of nanometric dimensions 
behave m a similar way to infiltered plastidzerslSI 
ratiier tfian as "foidgn" materials creating a 
luacrosoopic inter&ce. 

Dielectiic Spectroscopy 

Some insight imo tiie way tiiat tiie incoiporation of 
matMials on nanometric dimensions aflfect tiie dielectric 
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Frequency (Hz) 
flgm 2. As Figm 1. Imt jEbr naniH^^ 

properties may be obtained by examming the variation 
of the real and imaginary components of relative 
permittivity as a function of temperature and fiequency 
This has been done for tiie TiOj material using a 
Solartron ILF. fiequency rehouse analyzer (Type 1255) 
m combination wifli a Solatron Dielectric Interface, 
Type 1296. Examples for the micro- and nano-filled 
materials are shown in Figs. 1 and 2 respectivdy. At a 
nominal 10% (wdght percent) particulate loading, the 
spectra of tiie lesm when filled witii particles of micron 
size (1.5 ^m) are virtually indistingoishable fiom the 
base resin. This suggests that tiie low frequency process 
is probably associated with charges at tiie electrodes and 
not due to particulates in tiie bulk. Witii the fiUer 
replaced witii 10% of nanometric size T1O2 (38 nm 



A. ii'h Ah 
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average diameter measured by TEM), tbe main 
dififeienoes seen relate to a marked modification cf tbe 
process seen in the base resin at low fiequencies and 
bie^ temperatoies. For tbe nanometric material the 
process ediibits a flat tan 5 response at low fiequencies 
in marked contrast to the micron-sized fiUer. This 
suggests that a percolation conduction process is 
operative. In the presence of the nano-filler» the mid 
fiequency dispersion is noticeably reduced. The nano 
materials are dearly inhibiting motion (see PEA results 
below). The mid-fiBqueniy process shows a smaU 
change in estimated activation eneigy fiom 1.7 eV to 
1.4 eV. The magnitude of this process is reduced in the 
case of nanoparticles since the side chains responsible 
for the mid-fi:equency dispersion bind to the particle 
sur&ce. 

Reduction of the particulate loadmg from 10 to 
1% (tar weight) did not have any very obvious 
fim d amental changes, but the nano-fiUed material then 
does start to^exhibit a low fiequenqr response more 
lypical of the base resin and micro-filled material, 
suggesting that changes engineered by the 
nanomaterials do require loadings greater than a few 
percent 

Space char^ assessment 

In order to determine whether nanomaterials function 
cooperatively as opposed to providing sites for 
mteifecial polarization, a Pulse ElectroAcoustic (PEA) 
study has also been conducted to assess the field 
distortions in the bulk. The method has been described 
elsewhere£9]. The initial distribution of stress shows 



after several hours of str^sing. These plots show the 
charge, potential and field distributions, for a 3 kV 
steady DC field ^ptied. The l,5jmi filler generates 
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figure 4. Pulsed electroacoustic stacfy of imcnm^^ 

substantial internal charge, in marked contrast to the 
nano-material which behaves in a similar way to the 
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FlfiureS Imtialdisln^uUon of electric field. Elecrfioai^^ 
sbidyofiiaiuhfiUediiiaterial «»«awusiio 

litfle deviation fiom the nominal 4.3 kVmm-^ miifi>rm 
level across the bulk (see Figure 3). However, 
characteristic results are shown in Figs. 4 and 5 fi)r the 
micro- and nano-materials (10% loadmg) respectively 



Figures. Fblseddeclroaootistk study of oano^izedfiner 

base resirt Fig 4 Shows several distinctive features: 

(a) heterocharge accumulation of both signs 
leading to steq> internal charge gradients 

(b) a cathode field augmented to over 40 
kVmm'^ (lOx the nominal value) 

(c) field reversal yielding a point of zero 
stress which will gieatly complicate 
charge transport 

Transient studies (hot shown here) indicate that 
subsequent increase of applied voltage increases the size 
of the <*arge peaks with little change to the conq)lex 
internal distributioa The stable stationary positioning of 
these peaks may be due the interaction of space charge 
with local polarization to create a self-compensating 
situation. 




Appraisal 



Very naaiked differences in charge aocumulatioii are 
seen infilled materials depeiuling on whether the filler 
has micion or nanometric dimensions. Furthermoxe, the 
characteristics suggest that» for the micron-sized filler, 
earners are blocked at the anode yielding a heterocharge 
situation, and giviiig rise to the laxig^ anomaloos field 
distoitims seen in Figwe 4. This t)ehavior clearty has 
substantial implications for the subsequent migration of 
charges and probably accounts for the fact that temporal 
studies (not given here) show that the image charge in 
the cathode at first decreases and then recovers. Again 
in contrast to the micro-filled material, the decay of 
dharge in the nano-filled TiOz is veiy iiyiid; with 
insignificant homocharge lemainiqg after just 2 
minutes. Althouglh there is some injection of negative 
charge at the cathode, the nano-fiUed n:iateriai is 
characterized 1^ much less transport perhaps brought 
about by the larger densiQ^ of shallower traps. 

The PEA results taken in coigunGtion with the 
Dielectric Spectroscopy and DSC studies sugge^ that 
significant interfecial polarization is intplied fat 
conventional fillers which is mitigated in the case of 
particulates <k nanometric size, where a short-range 
highly immobilized layer develops near the surfiioe 
the nanofiller (1-2 nm). This bound layer, however, 
infiuenoes a much larger region surrounding the particle 
in which conformational behavior and chi^iti irin^ti< *c axe 
significantly altered. This interaction zone is 
lespon^le for the material property modifications 
especially as the curvature of the particles approaches 
the chain conformation length of the polymer. Evidence 
suggests that the local chain conformation and 
configuration play major roles in determining the 
interactions of a polymer with nanofillers[10], as is 
evidenced here by the DSC results of Table 1. The 
polymer binding to the nanoparticles replaces some of 
the cross-linking and thus loosens the structure. In 
contrast, the noicron scale case produces significant 
Maxwell-Wagner polarization givii^ rise to the 
characteristics of Fig.4. 

Inthecaseof nanofillers, there is evidence that 
a grafted layer is formed by the absorption of end- 
fimctionalised polymers onto the sor&ce especially 
when the functional groups are distributed uniformly 
along the polymer backbone. Hence the local chain 
conformation is critical to determining the way in which 
bonding takes place (and thus the cohesive energy 
density). The defective nature of nanoscale particles can 
be CT^ected to enhance the bonding if chemical 
coiq)ling agents (CVD coatirigs on nanoparticles or 
triblodc copolymers) are ^oaployed. 




The large interaction zone in nanofilled 
polymers with reduced mdbiiity (ftee volume) should be 
aocompanied by a significant change in electrical 
properties. Studies of electrical behavior thus provide an 
opportuiu^ both finr a fimdam^ital study of this 
interaction zone, and also an opportunity for optirruzing 
performance for specific and critical applications. 

The finding that conventional fillers are 
accompanied by substantial bulk charge aGcomulation is 
clearly a &ctor in the common experience of the lower 
electric strengths exhibited for filled materials. The 
mitigating effects of nanoparticles provides 
encouragement that nanoconqsosites can be engineered 
with strengths that are commensurate with the base 
polymer. Such studies are ongoing. 
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SAMPLE Ti/006 
10% TiOz 1 .5 pm ^tii no electrodes: 3kV for 4 Hours 



1 Cshbmtod Signal (P/m-3) ' 




Thickness: 
Inteirogatiiig pulse 
Scope: 

Acoustic Delay: 
Speed of sound- 
Sample Rate: 
Integration Range: 
Relative permittivity: 
Voltage bias: 
Data column: 
Filter 
Data file: 
Timebase file: 
Reference Sic: 
Output file: 



714 Jim 

5 ns +400V, 100 pps 

5 ns, 5 mV, 1.718 ps delay 

2S9ns 

2757 ms-* 

1.25 GSs-* 

397 (876 thickness) 

6.0 at 100 Hz 

ON BkVDC 

0 

6.0 

Ti006-5.txt 
time.txt 

iiflOnew.txt (Modified PMMA reference) 
Ti006-5.doc 



SAMPLE Ti/005R (REPEAT MEASUREMENT) 
10% Ti02 38 mn with no electrodes: 3 kV for 4 hours 




800 O 900 0 1000 0 
ttiekR«s» of 8ample(um) 



Thidaiess: 
Intenrogatiiig pulse 
Scope: 

Acoustic Delay: 
Speed of sound: 
Saiiq;)le Rate: 
Integration Range: 
Relative permittivity: 
Voltage bias: 
Data column: 
Filter: 
DatafQe: 
Timebase file: 
Reference file: 
Output file: 



726 Jim 
5 ns 4400V 

5ns,5mV, 1.724 delay 

255 ns 

2726 ms-^ 

1.25 GSs^* 

410 (894 thickness) 

6.2 

ON 3kVDC 
0 

6.0 

Ti005R-5.txt 
time.txt 

irf40new.t3rt (Modified PMMA reference) 
Ti005R-5.doc 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 
BLURRED OR ILLEGIBLE TEXT OR DRAWING 
SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 
LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 




